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Objective: Real-time functional magnetic resonance imaging (rt-fMRI) neurofeedback
(NF) uses feedback of the patient’s own brain activity to self-regulate brain networks
which in turn could lead to a change in behavior and clinical symptoms. The objective
was to determine the effect of NF and motor training (MOT) alone on motor and non-
motor functions in Parkinson’s Disease (PD) in a 10-week small Phase I randomized
controlled trial.
Methods: Thirty patients with Parkinson’s disease (PD; Hoehn and Yahr I-III) and no
significant comorbidity took part in the trial with random allocation to two groups.
Group 1 (NF: 15 patients) received rt-fMRI-NF with MOT. Group 2 (MOT: 15 patients)
received MOT alone. The primary outcome measure was the Movement Disorder
Society—Unified PD Rating Scale-Motor scale (MDS-UPDRS-MS), administered pre-
and post-intervention “off-medication”. The secondary outcome measures were the
“on-medication” MDS-UPDRS, the PD Questionnaire-39, and quantitative motor
assessments after 4 and 10 weeks.
Results: Patients in the NF group were able to upregulate activity in the supplementary
motor area (SMA) by using motor imagery. They improved by an average of 4.5 points
on the MDS-UPDRS-MS in the “off-medication” state (95% confidence interval: −2.5 to
−6.6), whereas the MOT group improved only by 1.9 points (95% confidence interval
+3.2 to −6.8). The improvement in the intervention group meets the minimal clinically
important difference which is also on par with other non-invasive therapies such as
repetitive Transcranial Magnetic Stimulation (rTMS). However, the improvement did not
differ significantly between the groups. No adverse events were reported in either group.
Interpretation: This Phase I study suggests that NF combined with MOT is safe and
improves motor symptoms immediately after treatment, but larger trials are needed to
explore its superiority over active control conditions.
Keywords: Parkinson’s disease, real-time functional magnetic resonance imaging, neurofeedback, motor
training, WiiFit
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INTRODUCTION
Parkinson’s disease (PD) is the second most common
neurodegenerative disorder (de Lau and Breteler, 2006)
affecting the motor circuit and affecting both motor and
non-motor functions. PD currently affects about 5 million
people aged over 50 worldwide and this figure is expected
to rise to approximately 9 million over the next 25 years
(Dorsey et al., 2007) because of increasing life expectancy.
Diagnosis of PD is mainly clinical, although neuroimaging
techniques are used for differential diagnosis (Politis, 2014).
Pharmacotherapy with dopamine precursors (levodopa),
dopaminergic (dopamine receptor agonists, COMT inhibitors,
MAO-B inhibitors) or anticholinergic drugs is the mainstay of
current treatments (Connolly and Lang, 2014) and gives most
patients a considerable amount of motor symptom control.
However, not all motor symptoms respond equally well, and
cognitive decline and motor progression cannot be prevented.
Furthermore, long-term treatment often leads to drug-induced
dyskinesias and behavioral side effects (Hametner et al., 2010;
Beaulieu-Boire and Lang, 2015). Deep-brain stimulation (DBS)
is available as an invasive option to counteract tremor, rigidity
and bradykinesia, but can result in psychiatric, neurological
and surgical complications (Piasecki and Jefferson, 2004;
Fenoy and Simpson, 2014). Various types of motor training
(MOT) therapies and non-invasive brain stimulation are under
development.
Real-time functional magnetic resonance imaging (rt-fMRI)
neurofeedback (NF) has been used to self-regulate brain regions
and modify behavior in healthy individuals and some early
clinical work (review by deCharms, 2008; Caria et al., 2012;
Weiskopf, 2012; Birbaumer et al., 2013). A number of motor
related areas have been successfully modulated using motor
imagery with fMRI NF, primary motor cortex (Yoo and Jolesz,
2002; deCharms et al., 2004; Yoo et al., 2008; Lee et al.,
2009; Chiew et al., 2012), premotor cortex (Johnson et al.,
2012) and supplementary motor cortex (Posse et al., 2001).
Successful modulation of motor areas has also been shown to
modulate functional motor networks (Hui et al., 2014; Xie et al.,
2015).
In our previous proof of concept study (Subramanian
et al., 2011) we compared five patients with PD who
performed motor imagery with fMRI-NF and five patients who
performed motor imagery in the scanner without receiving
feedback. Only the first group showed an increase in activity
in the target area the supplementary motor area (SMA)
and in turn improved their motor functions. This study
provided preliminary evidence that just being in the scanner
environment and performing imagery was not sufficient for
a change in motor functions but that NF was required.
We have now developed an intervention that combines the
concepts of brain stimulation and MOT and mental imagery
practice.
It has been shown that motor imagery leads to activity in
the SMA (Park et al., 2015), which is involved in the initiation
and control of movements, has bidirectional connections with
the basal ganglia (Lindenbach and Bishop, 2013) and has been
reported to be underactive in PD (Nachev et al., 2008). Motor
imagery can also inducemotor cortical plasticity (Avanzino et al.,
2015). Therefore using motor imagery to activate the SMA could
lead to changes in the cortico-basal-ganglia circuit (affected in
PD) inducing plasticity.
Motor imagery has been shown to improve motor
performance, but the effect is short-lived and this may be
due to lack of feedback (Driskell et al., 1994). Therefore by
targeting the SMA and using motor imagery to induce activity in
this area and providing immediate feedback on the performance,
we may be able to produce more lasting changes in motor
circuits, leading to improved motor performance. We therefore
trained patients to upregulate the SMA through NF with fMRI
signals (Subramanian et al., 2011).
Patients had an opportunity to transfer the mental imagery
skills acquired during NF into the real life setting by
practicing the motor imagery at home. Because motor imagery
in combination with physical training has been shown to
improve some motor symptoms in PD patients (Tamir
et al., 2007) we added another transfer technology, using
feedback-based motor exercise on a gaming console (the
Nintendo Wii Fit device). The device when used for exercise
training has been shown to reduce the severity of motor
symptoms in PD patients (Barry et al., 2014). This intervention,
which involved three NF training sessions, regular imagery
homework and six exercise sessions was compared with
a matched control intervention that only involved exercise
on the gaming console in a randomized trial with blinded
assessments.
Our challenge was to design an active control condition that
was not already available as an established treatment protocol.
Our rationale was as follows: the first 4 weeks of intervention
were designed to compare the effect of NF and exercise separately
to see if NF alone was better than exercise alone. As exercise
has previously been shown to have some benefits in alleviating
motor symptoms of PD, in the last 6 weeks of the intervention
we added exercise to the NF training. We expected the NF
training to have an additional benefit but included the exercise
component as a cheaper and more widely available transfer
technology.
MATERIALS AND METHODS
Patients, Eligibility and Randomization
Thirty PD patients (27 males; 3 females) were recruited through
PD specialist physicians and nurses from two NHS health
boards and screened for eligibility at outpatient clinics. Two
additional patients who were recruited and randomized did not
start the intervention because they could not fit it into their
work schedules. Participants received their usual medication
(levodopa, dopamine agonists, amantadine, anticholinergics
or monoamine oxidase B inhibitors), which did not change
over the course of the study. The levodopa equivalent dose
(Table 1) was calculated (Tomlinson et al., 2010) and used
in the randomization procedure (Odekerken et al., 2013; two
levels: above and below 600 mg) along with the age of
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TABLE 1 | Baseline characteristics.
Demographics (all NF group MOT group p-
patients) (N = 15) (N = 15) value
Mean ± SD Mean ± SD
Gender (male/female) 14/1 12/3 -
Hoen and Yahr stage (I/II/III) 7/7/1 5/10/0 -
Age (years) 67 ± 9 63 ± 11 0.6
Time since diagnosis (months) 51 ± 38 57 ± 33 0.6
LEDD 456 ± 219 599 ± 418 0.6
MoCA 26.3 ± 2.5 26.7 ± 1.8 0.6
Included in final analysis: N = 13 N = 13
Primary outcome measure (Off Med)
MDS-UPDRS-MS 23.3 ± 9.4 26.7 ± 12.6 0.9
Secondary outcome measures
(On Med)
MDS-UPDRS-MS 22.9 ± 7.5 21.7 ± 8.0 0.9
MDS-UPDRS-M-DL 13.1 ± 6.9 13.2 ± 7.3 0.9
MDS-UPDRS-NM-DL 9.8 ± 3.9 9.5 ± 4.6 0.9
MDS-UPDRS-SS-DL 49.5 ± 15.6 48.7 ± 18.9 0.9
PDQ-39 19.4 ± 10.4 24.4 ± 15.6 0.9
Quantitative assessments (On Med)
Actigraph (Average steps) 3856 ± 2352 4277 ± 2317 0.9
GaitRite-Walking speed (m/s) 1.1 ± 0.2 1.1 ± 0.2 0.9
GaitRite-Walking cadence 114 ± 9 111 ± 10 0.9
(total steps/min)
GaitRite-Walking step 59 ± 11 60 ± 10 0.9
length left (cm)
GaitRite-Walking step 61 ± 10 60 ± 11 0.9
length right (cm)
NF, neurofeedback; MOT, motor training; SD, standard deviation; N, total
number of patients; LEDD, Levodopa equivalent dose; MoCA, Montreal Cognitive
Assessment scale; Med, medication. P-values are FDR corrected.
the patient (two levels: 65 and above and below 65), to
assist in group matching. Randomization was overseen by the
South East Wales Clinical Trials Unit using the method of
minimization.
Patients were eligible to take part if they had a diagnosis of
PD (according to the UK PD Brain Bank Clinical Diagnostic
Criteria), disease severity within Hoehn and Yahr stages I-III,
no dementia (cut-off score <21/30 on the Montreal Cognitive
Assessment Scale (MoCA; Dalrymple-Alford et al., 2010) or
significant comorbidity and fulfilled the safety requirements for
MRI.
Standard Protocol Approvals,
Registrations and Patient Consents
The study was approved by the South East Wales Research
Ethics Committee, the Cardiff School of Psychology
Ethics Committee, Aneurin Bevan and Cardiff and Vale
Health Boards. All participants gave written informed
consent to participate in the study in accordance with
the Declaration of Helsinki. The trial was registered with
Clinicaltrials.gov (NCT01867827) in May 2013 before
the first patient completed intervention. Enrollment was
between the end of March 2013 and October 2013 and the
last patient completed intervention at the end of January
2014.
Design
This was a small safety and efficacy randomized controlled
trial testing two different interventions (Figure 1: CONSORT
diagram). Group 1 (NF) received rt-fMRI-NF (three sessions: at
the start of the intervention in week 2 (PRE; session 1), week 6
(session 2) and at the end of the intervention in week 12 (POST;
session 3) and regular homework employing mental imagery
for the first 4 weeks of intervention followed by 6 weeks of
supervised MOT with a virtual reality gaming device (Nintendo
Wii) during the rest of the intervention period. Group 2 (MOT)
received supervised MOT on the gaming device throughout the
full intervention period of 10 weeks. No changes were made to
the protocol once the trial had commenced. The study procedure
is summarized in Figure 2.
The sample size of 15 in each group who started the
intervention is similar to randomized controlled trials in PD with
intense exercise therapy (Uhrbrand et al., 2015) and other rt-
fMRI-NF studies (Linden et al., 2012). We wished to document
safety and efficacy of the interventions and to calculate indices
of patient adherence and attrition. Furthermore, we wished to
estimate the sample size for a full powered random, controlled
trial testing the potential benefit of rt-fMRI-NF over and above
MOT without NF.
Primary Clinical Outcome Measure
The motor examination of the MDS-UPDRS (Goetz et al.,
2008) was used as the primary clinical outcome measure and
administered PRE and POST intervention when patients were
in their ‘‘off medication’’ state and also videotaped for later
evaluation. Patients were requested not to take their medication
for 12 h before assessment. The examination was carried out by
two raters (authors LS andDEL), and the inter-rater reliability for
each item was high with an inter-class correlation of 0.94 (pre-
assessment) and 0.92 (post-assessment). Scores provided by the
blind rater (DEL) were used in the analysis. The off-medication
assessments were done 1 week before (Pre) and 1 week after
(Post) the intervention, generally as part of home visits that also
entailed setting up/collecting the actigraphy equipment.
Secondary Outcome Measures
Patients were tested on these measures at three time points (PRE
intervention, after 4 weeks intervention and POST intervention
at 10 weeks) in the ‘‘on medication’’ state.
TheMDS-UPDRS full scale measured non-motor experiences
of daily living (NM-DL), motor experiences of daily living
(M-DL) and motor complications in addition to the motor
examination (motor scale, MS) (which was videotaped for
later evaluation). The Parkinson’s Disease Questionnaire-39
(PDQ-39) measured different aspects of PD and quantitative
motor measures were provided by the Actigraph GT3X and
GaitRite (see Table 1).
The PDQ-39 is self-administered and measures activities
of DL, emotional well-being, stigma, social support, cognitive
impairment, communication and bodily discomfort.
The Actigraph GT3X activity monitor (ActiGraph, LLC,
Pensacola, FL, USA) is a device worn on the waist to measure
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FIGURE 1 | The CONSORT diagram shows the flow of patients through each stage of the randomized, controlled trial.
daily activity levels. The software generates a clinical report of
measures such as number of steps taken during the time the
device was worn, the lifestyle, how sedentary or vigorous the
participant was and how much energy was expended. Wetten
et al. (2014), show that the Actigraph is a valid tool for
quantifying energy expenditure during light intensity stepping.
The number of steps taken was compared between the PRE- and
POST-intervention assessments, when the device was worn for a
week during each assessment.
Changes in gait patterns were measured with the GaitRite
(CIR Systems/GAITRiter, CIR Systems Inc., Franklin, NJ,
USA). This electronic gait analysis system uses a carpet with
sensor pads on it to measure quantitative kinematic parameters
of gait such as speed, number of steps and step length.
Patients were required to walk five times up and down the
carpet to obtain their gait measures at each of the three
assessment sessions in weeks 2, 6 and 12. Data was automatically
generated by the GaitRite software and comparison between
the two groups was performed using the SPSS statistical
package.
We also looked at attrition rate (Figure 1), adherence
to the protocol and adverse events. An acceptable attrition
rate, based on similar complex interventions, would be
25% (Stack et al., 2012). Because of the relatively unique
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FIGURE 2 | Flowchart of the study design with details of the
interventions.
nature of our homework design there were no benchmarking
figures, but we would assume protocol adherence of at
least 75% to be required for successful transfer of learnt
skills into everyday settings based on existing literature
(Hlavaty et al., 2011). Adverse events were defined as any
subjective complaints of physical or mental deterioration or
any physical or psychological impairment requiring medical
intervention.
Screening before Exercise Sessions
All patients filled in the Physical Activity Readiness
Questionnaire PAR-Q before starting the exercise sessions
in order to determine the safety to carry out physical
exercise. In addition their blood pressure and heart
rate were measured before each exercise session which
went ahead only if the values were within the normal
range.
NF Group: Neurofeedback Protocol
Each NF scanning session consisted of a localizer run and four
NF runs, with the exception that in session 3 the fourth run
was a transfer run to see if patients were able to achieve reliable
upregulation without feedback. The localizer run allowed us to
identify the target area (SMA). Activity in this area was then used
to give feedback to the patients during the NF runs.
During the localizer run participants were presented with
an image of a thermometer (with 10 levels) in the center of
a colored background. They were required to execute a motor
task involving sequentially pressing their thumb to each of the
other fingers for 20 s when the background was green and rest
for 20 s when the background turned yellow. The run had
nine cycles of four motor execution and five rest and lasted
3 min.
This simple motor task has been shown to reliably activate
motor networks (Gordon et al., 1998), including the SMA that we
aimed to target (Gerloff et al., 1997). We computed movement
related activation maps online using the TurboBrainVoyager
software package in real-time.
The localizer run was followed by four NF runs (3 min
each). The procedure is similar to the motor execution localizer
run in terms of timing but here, instead of moving their
digits, the patients had to increase activity in the target area
through motor imagery only. They received continuous feedback
about the level of activation through the thermometer display,
which was controlled by their own brain activity in the SMA
target area through a brain computer interface that coupled
the output of the rt-fMRI analysis with the control of the
stimulus display. As activity in the SMA target area increases,
the bars of the thermometer filled with red. Patients were
informed that they might be able to increase activity in the
SMA through motor imagery, but were free to use any specific
imagery strategy. We did not prescribe a particular imagery
strategy, because we considered the adaptive development of
the optimal imagery strategy to be one of the key components
of NF.
In the first 4 weeks of the intervention, patients in the NF
group were asked to practise motor imagery (strategies they had
used during NF) at home for 10 min every day and keep a
record. After the first 4 weeks, they carried on with the imagery
homework and in addition came in once a week for 25 min of
MOT on the Nintendo Wii.
fMRI: Data Acquisition
Functional and anatomical scans were performed in a
3 Tesla GE (General Electric) MRI scanner at the Cardiff
University Brain Research Imaging Centre. A high-resolution
T1-weighted anatomical scan (178 slices) covering the whole
brain was acquired using a fast spoiled gradient-recalled-echo
(FSPGR) pulse sequence. Functional data was obtained using
a single-shot EPI sequence (TR, 2 s; TE, 35 ms; 30 slices;
3 mm thick; flip angle, 80◦). The first six volumes were
discarded to allow for T1 equilibration effects. A total of
100 volumes were acquired in each functional run for each
participant. Scans were acquired in the ascending order and
interleaved.
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TABLE 2 | Changes from baseline to after intervention within and between groups.
NF group ∆ Mean ± SD P (ES) MOT group ∆ Mean ± SD P (ES) ANCOVA (∆NF vs. ∆MOT) p
Primary outcome measure (Off Med)
MDS-UPDRS-MS −4.5 ± 3.3 0.00 (0.8) −1.8 ± 8.3 0.48 0.73
Secondary outcome measures (On Med)
MDS-UPDRS-MS −4.9 ± 3.8 0.000 (0.8) −5.4 ± 4.9 0.02 (0.8) 0.86
MDS-UPDRS-M-DL −1.7 ± 2.3 0.04 (0.6) −1.5 ± 2.8 0.24 0.86
MDS-UPDRS-NM-DL −2.8 ± 2.9 0.01 (0.7) −0.9 ± 3.9 0.48 0.73
MDS-UPDRS-SS −9.2 ± 9.7 0.01 (0.7) −7.9 ± 8.4 0.02 (0.7) 0.86
PDQ-39 −2.4 ± 4.8 0.16 −3.6 ± 6.5 0.24 0.93
Quantitative assessments
Actigraph (Average steps) 487 ± 1270 0.29 252 ± 928 0.48 0.86
GaitRite-Walking speed 0 ± 0 0.88 0 ± 0 0.39 0.81
GaitRite-Walking cadence 0 ± 7 0.88 1 ± 7 0.66 0.86
GaitRite-Walking step length left 0 ± 4 0.88 2 ± 6 0.39 0.81
GaitRite-Walking step length right −1 ± 4 0.78 2 ± 6 0.39 0.73
NF, neurofeedback; MOT, motor training; SD, standard deviation; ES, effect size; Med, medication. P-values are FDR corrected.
Cameras
Four Qualisys Cameras situated in the MR suite were used
to monitor any tremors in the hands. Two markers were
positioned on the tremor dominant hand/dominant hand of
the patients to measure any change in movement during the
NF runs. The movement of the markers was captured 120
times every second and the raw data (movement of the hand
in millimetres) was extracted for each run separately. The
data frequency was reduced to blocks of 20 s allowing us to
differentiate between the resting and imagery periods of the
run. The data points were then subtracted from the baseline
(starting position of the hand) to obtain an indication of
how much the hand had moved. Because of time constraints
this information was only available for eight sessions. The
average movement during the resting and imagery conditions
in the NF runs was negligible (Resting = 0.28 mm and
Imagery= 0.35 mm).
MOT Group: Motor Training
Patients in this group carried out a simple MOT programme on
the Nintendo Wii for three separate sessions in week 2, 6 and 12.
The task was to step on and off the balance board and sideways
following the pattern on the computer screen, and continuous
performance feedback was provided by an avatar.
In the first 4 weeks patients also came into the laboratory
three times a week for 25 min of MOT on the gaming device.
After the first 4 weeks, they continued with the MOT, but now
only once a week for 6 weeks.
Both Groups
Details of Motor Training
During the weekly training sessions in weeks 6–12, the motor
task was to step on and off the virtual reality gaming device
balance board keeping in time to a metronome or following
an avatar on the screen. Each session consisted of two 10 min
blocks and one 5 min block, interleaved with rest periods.
Patients could also pause and rest at any time during the
training.
Both groups were matched for intervention time in the first
month (∼5 h) and for contact time in the following 6 weeks
(3 h). In addition to this the NF group had 10 min of daily motor
imagery practise at home.
Participants in both groups underwent a half hour scan
session before and after the intervention with resting state fMRI,
diffusion tensor imaging and fMRI during a simple motor task
(results from these scans are not reported here). Therefore all
patients who took part in the study were suitable and experienced
being in a scanner environment.
Statistical Analysis
The primary and secondary outcome measures were analyzed
using the SPSS statistical package (version 20).
An independent samples t-test was performed on all the
measures to determine any difference between the groups at
baseline (Table 1).
A paired samples t-test was carried out to determine
changes in the outcome measures from PRE to POST
intervention within each group. We also performed analysis
of covariance (ANCOVA) on all the measures at POST
intervention with the PRE intervention score as the covariate
to test for any significant difference between the groups
(Table 2).
A repeated measures analysis of variance (ANOVA) with
time (sessions 1, 2, 3) as within subject and group (NF vs.
MOT) as between subject factors on the secondary outcome
measures was also performed to test for time-dependent changes
in variables and interaction between time and group factors
(Table 3). Multiple comparisons of tests was accounted for by
adjusting the false discovery rate (FDR) using the ‘‘R’’ statistical
package (version 3.2.4).
fMRI Data Analysis (On-Line)
Data from the motor execution localizer and motor imagery
NF runs were obtained from the scanner and analyzed online
on an analysis computer (Johnston et al., 2010) before being
fed back to the participant in the scanner. The real-time
fMRI software package, TurboBrainVoyager version 3.2 (TBV,
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TABLE 3 | ANOVAs for clinical secondary outcome measures “on-medication” across all three time assessments.
ANOVA
Measures Effect of time Effect of group Time × Group interaction effect
MDS-UPDRS-MS F(2,48) = 8.36, p = 0.002 (ES = 0.26) F(1,24) = 0.15, p = 0.7 (N/S) F(2,48) = 3.51, p = 0.03 (ES = 0.13)
MDS-UPDRS-SS F(2,48) = 13.46, p = 0.000 (ES = 0.36) F(1,24) = 0.32, p = 0.7 (N/S) F(2,48) = 7.64, p = 0.005 (ES = 0.24)
MDS-UPDRS-M-DL F(2,48) = 4.34, p = 0.01 (ES = 0.15) F(1,24) = 0.22, p = 0.7 (N/S) F(2,48) = 5.58, p = 0.01 (ES = 0.19)
MDS-UPDRS-NM-DL F(2,48) = 4.98, p = 0.01 (ES = 0.17) F(1,24) = 0.55, p = 0.7 (N/S) F(2,48) = 2.14, p = 0.13, (N/S)
PDQ-39 F(2,48) = 4.46, p = 0.02 (ES = 0.16) F(1,24) = 1.91, p = 0.7 (N/S) F(2,48) = 3.79, p = 0.03 (ES = 0.14)
ANOVA, Analysis of variance; MDS-UPDRS, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale; MS, motor subscale; SS, summed score; M-DL,
Motor aspects of daily living; NM-DL, non motor aspects of daily living; PDQ, Parkinson’s disease questionnaire; ES, effect size; N/S, not significant; P-values are FDR
corrected.
Brain Innovation) was used. Data was read volume by volume,
corrected for angular and translational motion and analyzed
with an incremental general linear model (GLM). For the motor
execution localizer run, we used one predictor for the movement
blocks (convolved with a canonical hemodynamic response
function) to identify areas of movement-related activation.
The t-value for the contrast between movement and rest in
the localizer map was set at 3. We took the peak midline
activation from the SMA during the motor execution localizer
run as the target area for the NF runs. The region of
interest was selected by choosing the whole of the extent in
the x–y plane (on the axial slice) encompassing the activity
in the SMA with an extent across three slices in the z
direction.
In the NF runs, the ‘‘thermometer’’ displayed the percentage
signal change to patients (with a full thermometer denoting
1% signal change, which is around the maximum of what
patients could achieve) from baseline computed for the top
third of most active voxels of the region of interest for
an average of three time points. The baseline value was
set to the average signal intensity value recorded from the
last three time points during the preceding ‘‘fixation’’ period
to the current upregulation block. Patients were informed
of the approximate 5 s time lag between a change in
neural activity and its reflection in the blood-oxygen-level
dependent signal (and thus on the feedback display). The
stimulation interface was custom programmed in PsychoPy
(Peirce, 2007) and presented from a Macintosh computer. This
interface allows updating of feedback within ∼1 s of data
acquisition.
fMRI Data Analysis (Off-Line)
We conducted further off-line fMRI analyses to ascertain
whether participants reliably upregulated the target
area (region-of-interest [ROI] analysis) and whether
activation patterns changed as a result of the NF
intervention in other parts of the brain (whole brain
analysis).
fMRI data were preprocessed using the BrainVoyager QX
software package (version 2.6; Brain Innovation, Maastricht,
Netherlands). Data for each subject was analyzed using a GLM
with one predictor for the ‘‘motor execution’’ condition in the
localizer and a single predictor for ‘‘upregulation’’ during the
motor imagery NF runs. The regressors for both were convolved
with a canonical hemodynamic reference function accounting for
the temporal delay and dispersion of the hemodynamic response.
Six motion confounds and two for heart rate and respiration
were added to the GLM for each of the runs. The models
were used for both ROI and whole brain random effects group
analysis.
Motion correction and temporal filtering were performed
on the raw data to remove artifacts due to head movement and
physiological noise. The functional data were then co-registered
to the T1 anatomical scan and transformed into Talairach
coordinate space (Talairach and Tournoux, 1998). Spatial
smoothing with a Gaussian filter (full width at half maximum
(FWHM) of 6 mm) was applied to the volume time course
files.
For the ROI analysis we extracted the beta and t-values
for the ‘‘upregulation’’ predictor from the SMA target area for
each run and subjected them to a repeated measures ANOVA
with the within-subject factor of session. We performed a
correlation analysis (Pearson’s r) between the improvement
of the MDS-UPDRS clinical scores (Pre-Post) and the overall
NF success (measured in average t-value across the three
sessions).
For the whole brain analysis an average of the participant’s
anatomical scans was created and used in the analysis. A whole
brain mask was also created to restrict the number of voxels used.
We used the cluster-level correction approach implemented
in the Brainvoyager software (1000 iterations) to control for
multiple comparisons across the brain (cluster-level corrected
threshold: p< 0.05).
Whole Brain Analysis
We conducted a random effects analysis in Brain Voyager,
for activation during the upregulation sessions in the
10 participants with full data sets (2 sessions with 4 runs
each and 1 session with 3 runs; transfer run was excluded)
corrected for multiple comparisons across the brain with cluster
level correction.
RESULTS
Sample Characteristics
Data were approximately normally distributed. Shapiro-
Wilk’s test was non-significant (p > 0.05) for all measures
except the scores of the MDS-UPDRS MS ‘‘on medication’’
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FIGURE 3 | (A) “Off- medication” PRE- and POST-intervention mean scores of the Movement Disorder Society-Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) motor subscale (MS) for both groups with higher scores indicating greater impairment; (B) “On-medication” mean scores of the MDS-UPDRS MS for
the three assessment sessions for both groups with higher scores indicating greater impairment; (C) “On-medication” mean scores of the non-motor experience of
daily living (NM-DL) sub scale of the MDS-UPDRS for the three assessment sessions for both groups; (D) “On-medication” mean scores of the motor-experience of
daily living sub scale of the MDS-UPDRS for the three assessment sessions for both groups. ∗ indicates significant difference.
(MOT group) sessions 2 and 3 and MDS-UPDRS NM-
DL (NF group) session 1. For these measures visual
inspection of Q-Q plots confirmed approximately normal
distribution.
Primary Outcome Measure: PRE- vs.
POST-Intervention
The ANCOVA analysis revealed no statistically significant
difference between the effects of the intervention in the
NF vs. MOT groups (F(1,23) = 2.62; p = 0.11; Table 2).
Participants in the NF group improved on average by
−4.5 points on the MDS-UPDRS-MS-off-medication
(95% confidence interval −2.5 to −6.6), whereas those
in the MOT group only tended to improve by −1.9
points (confidence interval +3.2 to −6.8; see Table 2 and
Figure 3A).
Secondary Outcome Measures: PRE- vs.
POST-Intervention
The ANCOVA’s showed no significant difference between the
groups in any of the measures (Table 2). Results of the paired
samples t-test and ANCOVAs on all the clinical and quantitative
measures are reported in Table 2.
Time-Dependent Changes in Secondary
Clinical Measures During the Interventions
Results of the ANOVAs on the ‘‘on-medication’’ clinical
measures acquired at the three assessment time points are
reported in Table 3. Of these, the MDS-UPDRS-MS, MDS-
UPDRS-SS, MDS-UPDRS-M-DL and PDQ-39 showed a
significant interaction term for time × group analysis, driven by
faster improvements in the NF group. Two of the time × group
interactions (on MDS-UPDRS-SS and MDS-UPDRS-M-DL)
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FIGURE 4 | (A) Mean beta values from the neurofeedback (NF) scans for the
three different sessions in weeks 2, 6 and 12 of the NF intervention. Bars are
standard errors; (B) Areas of significant activation across all NF sessions
(whole brain based analysis). (C) Sagittal view of the brain showing a
probabilistic map of the overlap across regions of interest (ROI’s)
supplementary motor area (SMA) used for NF training across patients. PM,
probabilistic map.
survived Bonferroni correction for multiple testing (across
the five clinical secondary outcome measures) at a corrected
p-value<0.05.
Adherence
Twenty six of the 30 patients who underwent the interventions
completed the study, which yields an attrition rate of 13%
(Figure 2). Patients in the NF group adhered to the imagery
homework (11 of 13 patients returned the diaries at the end of
the study), with a 75% rate of completed homework (calculated
as daily entries). For theMOT group, the adherence rate was 84%.
No adverse events were reported in either group.
Functional Magnetic Resonance Imaging
Analysis: ROI Analysis
Patients in the NF group were able to upregulate the SMA during
the NF sessions. Successful upregulation was defined as a positive
‘‘t’’ or ‘‘beta’’ value for the upregulation vs. baseline contrast from
the brain voyager analysis.
Using SPSS we computed a one way repeated measures
ANOVA with session as a factor. There was no significant
increase in SMA activation across sessions (betas: F(2,24) = 1.34;
p = 0.28; Figure 4A; t-values: F(2,24) = 1.19; p = 0.31), but
there was a significant difference of the means from zero as
seen from the intercept (betas: F(1,12) = 21.60; p = 0.001;
t-values: F(1,12) = 20.47; p = 0.001), indicating successful SMA
upregulation from baseline activity.
We found a trend-level correlation [r = −0.448, p = 0.06
(1-tailed)] between the improvement of the MDS-UPDRS
clinical scores and the overall NF success.
Patients were able to upregulate the SMA without any change
in voluntary or involuntary hand movements as measured using
the camera system.
Whole Brain Analysis
The whole brain analysis of activation during SMA upregulation
blocks across all sessions revealed additional significant activity
compared to baseline in the subthalamic nucleus, cerebellum,
frontal areas, insula, putamen and anterior cingulate (Table 4 and
Figure 4B).
DISCUSSION
We showed that a new intervention for PD that combines
fMRI-based NF with mental imagery and MOT was safe and
brought improvement of motor symptoms. The NF group
showed an improvement of −4.5 points (−20%) on the primary
clinical outcomemeasure of the ‘‘off-medication’’ MDS-UPDRS-
MS. We used the off medication state motor assessment as
the primary outcome measure because non-pharmacological
interventions that promote compensation may operate through
non-dopaminergic mechanisms (Bezard et al., 2003), and thus
difference is most prominent in the off medication state.
This clinical improvement was in the range of the minimal
clinically important difference (−5 points; Schrag et al., 2006;
Shulman et al., 2010) and similar to that seen in the NF
group of our pilot study (Subramanian et al., 2011). It is also
similar to that commonly achieved by adding a second drug
to a dopamine agonist (decrease of up to 5 points on the
UPDRS motor scale (MS); Pinter et al., 1999; Stocchi et al.,
2004) and to that reported in a meta-analysis of transcranial
magnetic stimulation (TMS) studies (pooled mean difference
of −6 points on the UPDRS motor scale; Fregni et al.,
2005).
Electroencephalography (EEG) based NF has been studied in
PD patients with inconsistent findings and various limitations
(Esmail and Linden, 2014). With fMRI based NF showing
promising outcomes, transferring this learning to EEG
NF could further maintain successful motor imagery (Bai
et al., 2014) and induce brain changes (Ros et al., 2010)
outside the scanner as this would be more cost effective in
the long term. Recent studies have shown the possibility
of identifying cortical signatures (Zich et al., 2015) and
developing fMRI based EEG fingerprints for sub-cortical brain
areas (Keynan et al., 2016) with simultaneous fMRI-EEG
acquisition.
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TABLE 4 | Brain areas activated and deactivated during the NF runs from all sessions.
Clusters of brain areas activated Peak x/y/z t-value p-value Cluster size (mm3)
Supplementary motor area −7/1/57 7.98 0.000022 7434
Cingulate gyrus 5/7/27 3.62 0.005538 1678
Right insula 29/28/6 3.84 0.003911 4013
Left putamen −28/−5/3 2.61 0.028177 200
Right globus pallidus 12/−7/−3 3.39 0.007986 257
Left globus pallidus −16/−8/−3 3.16 0.011523 335
Right subthalamic nucleus 11/−11/−3 3.98 0.003186 650
Left subthalamic nucleus −13/−11/−3 3.22 0.010461 423
Midbrain −1/−17/−9 3.77 0.004388 1220
Cerebellum 35/−53/−24 7.68 0.000030 5166
Right parietal cortex 48/−62/30 −5.08 0.000659 4540
Left occipital cortex −28/−86/−6 −5.30 0.000489 2453
Right occipital cortex 32/−83/0 −3.97 0.003215 628
The intervention had a relatively high intensity in both
groups and resulted in a clinically significant improvement in
the NF group. However, the ANCOVA showed no significant
group difference in the primary outcome measure or in the
secondary clinical outcome measures of motor and non-motor
functions or in the quantitative measures. Thus, we did not
demonstrate statistical superiority for the NF compared to the
MOT intervention, perhaps because MOT interventions can
have therapeutic benefits in their own right (Barry et al., 2014;
Shen and Mak, 2015). However, the present study can provide
power estimates for future studies addressing the difference in
efficacy between NF and active control interventions. Using the
data from this pilot study to estimate the common standard
deviation (SD) of 13 points for the MDS-UPDRS measure (the
highest of the group SDs and therefore the most conservative)
and setting the minimal clinically important difference as −5
points, for a power of 80% a two tailed Student’s t-test (α= 0.05)
gives a required sample size of 101 per group in a two group
comparison.
Although the secondary clinical outcome measures were
similar across the two intervention groups at the POST-
intervention assessment, the improvement may have occurred at
an earlier stage of the intervention period (already at assessment
time point 2) in the NF group (Figures 3B–D; statistics Table 3),
as indicated by the significant group× time interaction forMDS-
UPDRS-SS and MDS-UPDRS-M-DL. One explanation could be
that motor skill acquisition was accelerated in the NF group,
but further mechanistic studies would be needed to confirm
this.
Only the NF group showed significant improvement on the
‘‘off-medication’’ UPDRS-MS, whereas both groups improved
on the ‘‘on-medication’’ MDS-UPDRS-MS assessment. One
possible reason might be that NF training leads to restitution
of some aspects of basal ganglia (BG) function, which may
confer benefits even in the absence of externally enhanced
dopaminergic activity. However, because the majority of patients
for whom NF is considered will likely be and remain on
medication, motor assessment during the ‘‘on medication’’
state should be included as a primary outcome in future
trials.
Although the correlation between the improvement of
the MDS-UPDRS clinical scores and the overall NF success
was not significant due to the small sample size, the
association goes in the expected direction (the MDS-UPDRS
clinical score and t-values are negatively correlated, thus
improvement in the clinical scores was associated with higher
activation of the target area). This preliminary indication of an
association between the intervention and clinical improvement
corroborates the need for larger, sufficiently powered studies of
NF in PD.
The whole-brain imaging analysis suggested some
mechanisms through which self-regulation training of the
SMA may influence brain networks relevant in PD. During
NF, we observed co-activation of other cortical motor areas
and subcortical areas, including the subthalamic nucleus and
putamen. This may suggest that self-regulation training of
higher cortical motor areas can indeed modulate the subcortical
loops implicated in PD, although more detailed analysis of NF
imaging data, including functional connectivity analysis (Rota
et al., 2011; Scharnowski et al., 2014) will be needed to probe any
neuroplastic changes.
Limitations
Our study did not have a control group in the scanner receiving
sham feedback or any other control feedback. rtfMRI NF has
been tested in other clinical applications such as chronic pain,
tinnitus, stroke, depression, schizophrenia, obesity and addiction
with some preliminary promising results with various control
conditions and it is recognized that no single control condition
can address all the mechanisms that may underlie clinical
improvement under NF (Sulzer et al., 2013). We did not use
sham feedback as this may frustrate patients and artificially
induce superior effects in the real NF group. Instead we
used an active control group with feedback based physical
intervention, which was matched with the NF intervention for
intensity.
With regard to the imagery strategy used by the patients,
we did not prescribe a particular imagery strategy, because we
considered the adaptive development of the optimal imagery
strategy to be one of the key components of NF. Future studies
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could explore separately the effect of visual and kinesthetic
motor imagery and differentiate between upper and lower limb
imagery.
Because we did not demonstrate statistical superiority for
the NF over MOT intervention in our sample one might query
whether relatively expensive, laboratory-based interventions
should be pursued, as compared to, for example, physiotherapy.
However, in a recently completed randomized controlled trial
of PD rehabilitation (Clarke et al., 2014) a combination of
occupational therapy and physiotherapy was not found to be
better than no therapy. Similarly, the MOT group in our study
showed no relevant clinical improvement. Thus, there is a case
for larger studies of NF-based interventions that will explore
whether this technique can provide the crucial boost to other
training-based interventions that leads to lasting clinical and
functional improvements.
CONCLUSION
rt-fMRI-NF is a new safe technique for self-regulation of motor
networks in PD with good feasibility and patient adherence
and preliminary evidence for short-term efficacy. However,
further studies are needed to demonstrate its efficacy as an
add-on treatment and superiority over other interventions.
Inclusion of follow-up assessments would track the long-term
retention of clinical improvements and enable the assessment of
the cost-effectiveness of the NF intervention. Future trials may
also help to identify neuro-imaging biomarkers for prediction of
successful application of NF in individual PD patients.
AUTHOR CONTRIBUTIONS
LS, DEJL: study concept and design, drafting/revising the
manuscript for content, analysis and interpretation of data.
MBM, DLT, HRM: study concept and design, drafting/revising
the manuscript for content. MB: statistical analysis of data,
drafting/revising the manuscript for content. All authors have
approved the final version of the manuscript.
ACKNOWLEDGMENTS
The trial was partly funded by the Wellcome Trust Institutional
Strategic Support Fund at Cardiff University (grant no. 504475).
Prof Linden and Dr. Subramanian are supported by the
BRAINTRAIN grant funded by the European Union’s Seventh
Framework Programme under grant agreement no.602186.
We thank the South East Wales Trials Unit for help with
randomization, Dr. Alistair Church, Dr. Biju Mohammed, Dr.
Chris Thomas and Mrs Debbie Davies for their help with
recruitment, Afolasade Farotimi for help with the exercise
sessions, Dr. John Evans for help with the scanning protocol,
Dr. Kevin Murphy for guidance on analysis of the physiological
measures, Dr. Daniel Watling for help with the camera setup.We
are particularly grateful to all the patients and carers.
REFERENCES
Avanzino, L., Gueugneau, N., Bisio, A., Ruggeri, P., Papaxanthis, C., and Bove,
M. (2015). Motor cortical plasticity induced by motor learning through mental
practice. Front. Behav. Neurosci. 9:105. doi: 10.3389/fnbeh.2015.00105
Bai, O., Huang, D., Fei, D. Y., and Kunz, R. (2014). Effect of real-time cortical
feedback in motor imagery-based mental practice training.Neurorehabilitation
34, 355–363. doi: 10.3233/nre-131039
Barry, G., Galna, B., and Rochester, L. (2014). The role of exergaming in
Parkinson’s disease rehabilitation: a systematic review of the evidence.
J. Neuroeng. Rehabil. 11:33. doi: 10.1186/1743-0003-11-33
Beaulieu-Boire, I., and Lang, A. E. (2015). Behavioural effects of levodopa. Mov.
Disord. 30, 90–102. doi: 10.1002/mds.26121
Bezard, E., Gross, C. E., and Brotchie, J. M. (2003). Presymptomatic compensation
in Parkinson’s disease is not dopamine-mediated. Trends Neurosci. 26,
215–221. doi: 10.1016/s0166-2236(03)00038-9
Birbaumer, N., Ruiz, S., and Sitaram, R. (2013). Learned regulation of brain
metabolism. Trends Cogn. Sci. 17, 295–302. doi: 10.1016/j.tics.2013.04.009
Caria, A., Sitaram, R., and Birbaumer, N. (2012). Real-time fMRI: a tool for local
brain regulation. Neuroscientist 18, 487–501. doi: 10.1177/1073858411407205
Chiew, M., LaConte, S. M., and Graham, S. J. (2012). Investigation of fMRI
neurofeedback of differential primary motor cortex activity using kinesthetic
motor imagery. Neuroimage 61, 21–31. doi: 10.1016/j.neuroimage.2012.02.053
Clarke, C. E., Patel, S., Woolley, R., Ives, N. J., Rick, C. E., Dowling, F., et al. (2014).
PD REHAB: A large pragmatic randomised controlled trial of physiotherapy
and occupational therapy versus no therapy in mild to moderate Parkinson’s
disease [abstract].Mov. Disord. 29:627. doi: 10.1186/isrctn17452402
Connolly, B. S., and Lang, A. E. (2014). Pharmacological treatment of parkinson
disease. A Review. JAMA 311, 1670–1683. doi: 10.1001/jama.2014.3654
Dalrymple-Alford, J. C., MacAskill, M. R., Nakas, C. T., Livingston, L., Graham,
C., Crucian, G. P., et al. (2010). The MoCA: well-suited screen for cognitive
impairment in Parkinson disease. Neurology 75, 1717–1725. doi: 10.1212/wnl.
0b013e3181fc29c9
de Lau, L. M. L., and Breteler, M. M. B. (2006). Epidemiology of Parkinson’s
disease. Lancet. Neurol. 5, 525–535. doi: 10.1016/S1474-4422(06)70471-9
deCharms, R. C. (2008). Applications of real-time fMRI. Nat. Rev. Neurosci. 9,
720–729. doi: 10.1038/nrn2414
deCharms, R. C., Christoff, K., Glover, G. H., Pauly, J. M., Whitfield, S., and
Gabrieli, J. D. E. (2004). Learned regulation of spatially localized brain
activation using real-time fMRI. Neuroimage 21, 436–443. doi: 10.1016/j.
neuroimage.2003.08.041
Dorsey, E. R., Constantinescu, R., Thompson, J. P., Biglan, K. M., Holloway, R. G.,
Kieburtz, K., et al. (2007). Projected number of people with Parkinson disease in
the most populous nations, 2005 through 203. Neurology 68, 384–386. doi: 10.
1212/01.wnl.0000247740.47667.03
Driskell, J. E., Copper, C., and Moran, A. (1994). Does mental practice
enhance performance? J. Appl. Psychol. 79, 481–492. doi: 10.1037/0021-9010.
79.4.481
Esmail, S., and Linden, D. E. J. (2014). Neural networks and neurofeedback in
parkinson’s disease. Neuroregulation 1, 240–272. doi: 10.15540/nr.1.3-4.240
Fenoy, A. J., and Simpson, R. K. (2014). Risks of common complications in
deep brain stimulation surgery: management and avoidance. J. Neurosurg. 120,
132–139. doi: 10.3171/2013.10.jns131225
Fregni, F., Simon, D. K.,Wu, A., and Pascual-Leone, A. (2005). Non-invasive brain
stimulation for Parkinson’s disease: a systematic review and meta-analysis
of the literature. J. Neurol. Neurosurg. Psychiatry 76, 1614–1623. doi: 10.
1136/jnnp.2005.069849
Gerloff, C., Corwell, B., Chen, R., Hallet, M., and Cohen, L. G. (1997). Stimulation
over the human supplementary motor area interferes with the organization of
future elements in complex motor sequences. Brain 120, 1587–1602. doi: 10.
1093/brain/120.9.1587
Goetz, C. G., Tilley, B. C., Shaftman, S. R., Stebbins, G. T., Fahn, S., Martinez-
Martin, P., et al. (2008). Movement disorder society-sponsored revision of
the unified parkinson’s disease rating scale (MDS-UPDRS): scale presentation
and clinimetric testing results. Mov Disord. 23, 2129–2170. doi: 10.1002/mds.
22340
Frontiers in Behavioral Neuroscience | www.frontiersin.org 11 June 2016 | Volume 10 | Article 111
Subramanian et al. fMRI Neurofeedback for Parkinson’s Disease
Gordon, A. M., Lee, J. H., Flament, D., Uqurbil, K., and Ebner, T. J.
(1998). Functional magnetic resonance imaging of motor, sensory
and posterior parietal cortical areas during performance of sequential
typing movements. Exp. Brain Res. 121, 153–166. doi: 10.1007/s0022100
50447
Hametner, E., Seppi, K., and Poewe,W. (2010). The clinical spectrum of levodopa-
induced motor complications. J. Neurol. 257, S268–S275. doi: 10.1007/s00415-
010-5719-9
Hlavaty, L. E., Brown, M. M., and Jason, L. A. (2011). The effect of
homework compliance on treatment outcomes for participants with myalgic
encephalomyelitis/chronic fatigue syndrome. Rehabil. Psychol. 56, 212–218.
doi: 10.1037/a0024118
Hui, M., Zhang, H., Ge, R., Yao, L., and Long, Z. (2014). Modulation of functional
network with real-time fMRI feedback training of right premotor cortex
activity. Neuropsychologia 62, 111–123. doi: 10.1016/j.neuropsychologia.2014.
07.012
Johnson, K. A., Hartwell, K., LeMatty, T., Borckardt, J., Morgan, P. S.,
Govindarajan, K., et al. (2012). Intermittent "real-time" fMRI feedback
is superior to continuous presentation for a motor imagery task: a
pilot study. J. Neuroimaging 22, 58–66. doi: 10.1111/j.1552-6569.2010.
00529.x
Johnston, S. J., Boehm, S. G., Healy, D., Goebel, R., and Linden, D. E. (2010).
Neurofeedback: a promising tool for the self-regulation of emotion
networks. Neuroimage 49, 1066–1072. doi: 10.1016/j.neuroimage.2009.
07.056
Keynan, J. N., Meir-Hasson, Y., Gilam, G., Cohen, A., Jackont, G., Kinreich,
K., et al. (2016). Limbic activity modulation guided by functional magnetic
resonance imaging-inspired electroencephalography improves implicit
emotion regulation. Biol. Psychiatry doi: 10.1016/j.biopsych.2015.12.024 [Epub
ahead of print].
Lee, J. H., Ryu, J., Jolesz, F. A., Cho, Z. H., and Yoo, S. S. (2009).
Brain-machine interface via real-time fMRI: preliminary study on thought-
controlled robotic arm. Neurosci. Lett. 450, 1–6. doi: 10.1016/j.neulet.2008.
11.024
Linden, D. E. J., Habes, I., Johnston, S. J., Linden, S., Tatineni, R.,
Subramanian, L., et al. (2012). Real-time self-regulation of emotion networks
in patients with depression. PLoS One 7:e38115. doi: 10.1371/journal.pone.
0038115
Lindenbach, D., and Bishop, C. (2013). Critical involvement of the motor cortex in
the pathophysiology and treatment of Parkinson’s disease. Neurosci. Biobehav.
Rev. 37, 2737–2750. doi: 10.1016/j.neubiorev.2013.09.008
Nachev, P., Kennard, C., and Husain, M. (2008). Functional role of the
supplementary and pre-supplementary motor areas. Nat. Rev. Neurosci. 9,
856–869. doi: 10.1038/nrn2478
Odekerken, V. J., Laar, T., Staal, M. J., Mosch, A., Hoffmann, C. F., Nijssen, P. C.,
et al. (2013). Subthalamic nucleus versus globus pallidus bilateral Deep brain
stimulation for advanced Parkinson’s disease (NSTAPS study): a randomised
controlled trial. Lancet. Neurol. 12, 37–44. doi: 10.1016/S1474-4422(12)7
0264-8
Park, C. H., Chang, W. H., Lee, M., Kwon, G. H., Kim, L., Kim, S. T., et al. (2015).
Which motor cortical region best predicts imagined movement? Neuroimage
113, 101–110. doi: 10.1016/j.neuroimage.2015.03.033
Peirce, J. W. (2007). PsychoPy—psychophysics software in python. J. Neurosci.
Methods 162, 8–13. doi: 10.1016/j.jneumeth.2006.11.017
Piasecki, S. D., and Jefferson, J. W. (2004). Psychiatric complications of deep brain
stimulation for Parkinson’s disease. J. Clin. Psychiatry 65, 845–849. doi: 10.
4088/jcp.v65n0617
Pinter, M. M., Pogarell, O., and Oertel, W. H. (1999). Efficacy, safety and tolerance
of the non-ergoline dopamine agonist pramipexole in the treatment of
advanced Parkinson’s disease: a double blind, placebo controlled, randomised,
multicentre study. J. Neurol. Neurosurg. Psychiatry 66, 436–441. doi: 10.
1136/jnnp.66.4.436
Politis, M. (2014). Neuroimaging in Parkinson disease: from research setting to
clinical practice.Nat. Rev. Neurol. 10, 708–722. doi: 10.1038/nrneurol.2014.205
Posse, S., Binkofski, F., Schneider, F., Gembris, D., Frings, W., Habel, U., et al.
(2001). A new approach to measure single-event related brain activity using
real-time fMRI: Feasibility of sensory, motor and higher cognitive tasks. Hum.
Brain Mapp. 12, 25–41. doi: 10.1002/1097-0193(200101)12:125::aid-hbm303.0.
co;2-h
Ros, T., Munneke, M., Ruge, D., Gruzelier, J., and Rothwell, J. C. (2010).
Endogenous control of waking brain rhythms induces neuroplasticity in
humans. Eur. J. Neurosci. 31, 770–778. doi: 10.1111/j.1460-9568.2010.
07100.x
Rota, G., Handjaras, G., Sitaram, R., Birbaumer, N., and Dogil, G. (2011).
Reorganization of functional and effective connectivity during real-time fMRI-
BCI modulation of prosody processing. Brain Lang. 117, 123–132. doi: 10.
1016/j.bandl.2010.07.008
Scharnowski, F., Rosa, M. J., Golestani, N., Hutton, C., Josephs, O., Weiskopf,
N., et al. (2014). Connectivity changes underlying neurofeedback training
of visual cortex activity. PLoS One 9:e91090. doi: 10.1371/journal.pone.
0091090
Schrag, A., Sampaio, C., Counsell, N., and Poewe, W. (2006). Minimal clinically
important change on the unified Parkinson’s disease rating scale. Mov Disord.
21, 1200–1207. doi: 10.1002/mds.20914
Shen, X., and Mak, M. K. Y. (2015). Technology-assisted balance and gait training
reduces falls in patients with Parkinson’s disease: A randomized controlled trial
with 12-month follow-up. Neurorehabil. Neural Repair 29, 103–111. doi: 10.
1177/1545968314537559
Shulman, L. M., Gruber-Baldini, A. L., Anderson, K. E., Fishman, P. S., Reich,
S. G., and Weiner, W. J. (2010). The Clinically important difference on the
unified parkinson’s disease rating scale. Arch. Neurol. 67, 64–70. doi: 10.
1001/archneurol.2009.295
Stack, E., Roberts, H., and Ashburn, A. (2012). The PIT: SToPP trial - a
feasibility randomised controlled trial of home-based physiotherapy
for people with Parkinson’s disease using video-based measures to
preserve assessor blinding. Parkinsons Dis. 2012, 1–8. doi: 10.1155/2012/
360231
Stocchi, F., Arnold, G., Onofrj, M., Kwiecinski, H., Szczudlik, A., Thomas,
A., et al. (2004). Improvement of motor function in early Parkinson
disease by safinamide.Neurology 63, 746–748. doi: 10.1212/01.wnl.0000134672.
44217.f7
Subramanian, L., Hindle, J. V., Johnston, S., Roberts, M. V., Husain,M., Goebel, R.,
et al. (2011). Real-time functional magnetic resonance imaging neurofeedback
for treatment of parkinson’s disease. J. Neurosci. 31, 16309–16317. doi: 10.
1523/jneurosci.3498-11.2011
Sulzer, J., Haller, S., Scharnowski, F., Weiskopf, N., Birbaumer, N., Blefari,
M. L., et al. (2013). Real-time fMRI neurofeedback: Progress and
challenges. Neuroimage 76, 386–399. doi: 10.1016/j.neuroimage.2013.
03.033
Talairach, J., and Tournoux, P. (1998). Co-Planar Stereotaxic Atlas of the Human
Brain. 3-Dimensional Proportional System an approach to Cerebral Imaging.
New York, NY: Thieme.
Tamir, R., Dickstein, R., and Huberman, M. (2007). Integration of motor
imagery and physical practice in group treatment applied to subjects
with Parkinson’s disease. Neurorehabil. Neural Repair 21, 68–75. doi: 10.
1177/1545968306292608
Tomlinson, C. L., Stowe, R., Patel, S., Rick, C., Gray, R., and Clarke,
C. E. (2010). Systematic review of levodopa dose equivalency reporting
in Parkinson’s disease. Mov. Disord. 25, 2649–2685. doi: 10.1002/mds.
23429
Uhrbrand, A., Stenager, E., Pedersen, M. S., and Dalgas, U. (2015). Parkinson’s
disease and intensive exercise therapy - a systematic review and meta-analysis
of randomized controlled trials. J. Neurol. Sci. 353, 9–19. doi: 10.1016/j.jns.
2015.04.004
Weiskopf, N. (2012). Real-time fMRI and its application to neurofeedback.
Neuroimage 62, 682–692. doi: 10.1016/j.neuroimage.2011.10.009
Wetten, A. A., Batterham, M., Tan, S. Y., and Tapsell, L. (2014). Relative
validity of 3 accelerometer models for estimating energy expenditure
during light activity. J. Phys. Act. Health 11, 638–647. doi: 10.1123/jpah.
2011-0167
Xie, F., Xu, L., Long, Z., Yao, L., and Wu, X. (2015). Functional connectivity
alteration after real-time fMRI motor imagery training through self-regulation
of activities of the right premotor cortex. BMC Neurosci. 16:29. doi: 10.
1186/s12868-015-0167-1
Frontiers in Behavioral Neuroscience | www.frontiersin.org 12 June 2016 | Volume 10 | Article 111
Subramanian et al. fMRI Neurofeedback for Parkinson’s Disease
Yoo, S. S., and Jolesz, F. A. (2002). Functional MRI for neurofeedback:
feasibility study on a hand motor task. Neuroreport 13, 1377–1381. doi: 10.
1097/00001756-200208070-00005
Yoo, S. S., Lee, J. H., O’Leary, H., Panych, L. P., and Jolesz, F. A. (2008).
Neurofeedback fMRI-mediated learning and consolidation of regional brain
activation during motor imagery. Int. J. Imaging Syst. Technol. 18, 69–78.
doi: 10.1002/ima.20139
Zich, C., Debener, S., Kranczioch, C., Bleichner, M. G., Gutberlet, I., and De Vos,
M. (2015). Real-time EEG feedback during simultaneous EEG-fMRI identifies
the cortical signature of motor imagery. Neuroimage 114, 438–447. doi: 10.
1016/j.neuroimage.2015.04.020
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Subramanian, Morris, Brosnan, Turner, Morris and Linden.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution and reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 13 June 2016 | Volume 10 | Article 111
